Most introductory quantum physics instructors would agree that transitioning students from classical to quantum thinking is an important learning goal, but may disagree on whether or how this can be accomplished. Although (and perhaps because) physicists have long debated the interpretation of quantum theory, many instructors choose to avoid emphasizing interpretive themes; or they discuss the views of scientists but do not adequately attend to student interpretations. This paper provides evidence-based arguments for an instructional approach that explicitly integrates the physical interpretation of quantum mechanics into introductory modern physics courses. In this synthesis and extension of prior work, we demonstrate: (1) instructors vary in their approaches to teaching interpretive themes; (2) specific instructional approaches can have significant impacts on student thinking; (3) when student interpretations go unattended, they often develop their own (sometimes scientifically undesirable) views; and (4) explicit and consistent discussions of interpretive themes can help students to develop more sophisticated perspectives, more accurate notions of uncertainty, and greater interest in quantum physics.
I. INTRODUCTION
"Why do some textbooks not mention Complementarity? Because it will not help in quantum mechanical calculations or in setting up experiments. Bohr's considerations are extremely relevant, however, to the scientist who occasionally likes to reflect on the meaning of what she or he is doing." -Abraham Pais [1] There have been numerous studies of student thinking and learning difficulties in the context of quantum mechanics [2] [3] [4] [5] [6] [7] , and related efforts to transform instructional practices in ways that support student learning [8] [9] [10] [11] . However, relatively little attention has been paid to the intersection of mathematics, conceptual framing and classroom practices, and how these impact student understanding of quantum phenomena [12] [13] [14] .
In education research, the term hidden curriculum generally refers to aspects of science and learning which students develop attitudes and opinions about, but are primarily only implicitly addressed by instructors [15] . Students may hold various beliefs regarding the relevance of course content to real-world problems, the coherence of scientific knowledge, or even the purpose of science itself, depending (in part) on the choices and actions of their instructors. Research has demonstrated that student attitudes tend to remain static or become less expert-like when instructors do not explicitly attend to them [15, 16] .
The physical interpretation of quantum theory has always been a controversial topic within the physics community, from the Bohr-Einstein debates [17, 18] to more recent disagreements about whether the quantum state is epistemic or ontic [19, 20] . Although physicists have historically, as part of the discipline, engaged in discussions about the nature of science, and the relationship between mathematical representations and the physical world, there is a fairly common tendency for instructors to de-emphasize the interpretive aspects of quantum mechanics in favor of developing proficiency with mathematical tools. At the same time, others may highlight the views of scientists but do not adequately attend to student interpretations. In other words, interpretation is typically an aspect of quantum mechanics instruction that is hidden, in the following sense: (A) it is often treated superficially, in ways that are not meaningful for students beyond the specific contexts in which the discussions take place; (B) students will develop their own ideas about quantum phenomena, particularly when instructors fail to attend to them; and (C) student interpretations tend to be more novice-like (intuitively classical) in contexts where instruction is less explicit [21, 22] . This paper synthesizes and extends prior work [21] [22] [23] [24] [25] ] to provide evidence-based arguments for an instructional approach that emphasizes the interpretation of quantum mechanical representations of physical phenomena. To be clear, we are not advocating for more discussions of Schrödinger's Cat in the classroom, but rather a greater emphasis on (e.g.) providing students with the tools to identify and articulate their own intuitions and beliefs about the physical world; and presenting experimental evidence that unambiguously challenges those assumptions. We are also arguing for a re-evaluation of the usual learning goals for introductory quantum physics courses, so that conceptual understanding (e.g., what the wave function might possibly represent) is adequately developed together with mathematical tools, as opposed to emphasizing calculation with the hope that conceptual understanding will come at some later time.
We present below an analysis of student data that demonstrates the differential impact on student thinking of three different approaches to teaching interpretive themes in quantum mechanics. One of the key findings is that students can be influenced by explicit instruction, but they frequently default to intuitive (classical) perspectives on quantum phenomena in contexts where instruction is less explicit. These results have motivated the development of a research-based modern physics curriculum that attends to student interpretations throughout. We provide a summary overview of this curriculum, and present comparative studies which demonstrate that our students developed more consistent interpretations of quantum phenomena, more sophisticated views of uncertainty, and greater interest in quantum physics. We then revisit some of the reasons instructors choose to de-emphasize quantum interpretations, and discuss the broader implications of these choices for our students. This paper is largely about quantitative comparisons between multiple courses; a companion paper [26] explores the more qualitative aspects of student thinking that influenced the development of this curriculum.
II. BACKGROUND AND COURSES STUDIED
The University of Colorado Boulder (CU) offers two versions of its calculus-based modern physics course each semester: one section for engineering students, and the other for physics majors. Both are delivered in largelecture format (N∼50−150), and typically cover the same general topics, spending roughly a third of the 15-week semester on special relativity, and the rest on introductory quantum mechanics and applications. We have presented data from both types of courses in prior work [21, 22] , though every course discussed in this article is of the engineering variety, so that meaningful comparisons can be made between similar student populations.
In 2005, a team from the physics education research (PER) group at CU introduced a transformed curriculum for the engineering course that incorporated interactive engagement techniques (in-class concept questions, peer instruction and computer simulations), and placed emphasis on reasoning development, model building, and connections to real-world problems [8] . This new curriculum did not include relativity because there was a general consensus among engineering faculty at CU that mechanical and electrical engineering students would benefit from learning more about applications, such as modern devices and the quantum origin of material structure. These course transformations, first implemented during the 2005/6 academic year, were continued in the following year by another PER group member (author:NF). Afterwards, other instructors used much of these course materials and instructional strategies, but returned to including relativity in the curriculum.
A. Characterization of Instructional Approaches
Our initial studies collected data from modern physics courses at CU during the period 2008 − 2010. With respect to interpretation, the instructional approach for each course can be described in terms of one of three categories: Realist/Statistical, Matter-Wave and Copenhagen/Agnostic (described in detail below). These characterizations are based on classroom observations, an analysis of course materials, and interviews with the instructors; they are not necessarily reflective of their personal interpretations of quantum physics, but rather whether and how interpretive themes were addressed in the course.
These categories certainly do not encompass all the ways instructors might teach quantum interpretations, but they can be reasonably applied to every modern physics offering at CU (both engineering and physics) during this time period, and we anticipate that most readers who have taught introductory quantum mechanics will recognize some similarity between their own approaches and those described below. We are aware of other perspectives on teaching quantum physics that do not fit within these categories [27] [28] [29] [30] , but there are no published studies of their respective impacts on student learning; and still more interpretations of quantum theory exist [31] [32] [33] [34] [35] , but we do not know of any literature describing their use in the classroom.
These approaches to teaching interpretation can be best illustrated by how each instructor discussed the double-slit experiment with single electrons, though we have also taken into account instances in other contexts, and the frequency of such discussions throughout the semester [21] . When a double-slit experiment is performed with a low-intensity beam, each electron will register individually at the detector, yet an interference pattern will still be seen to develop over time [36, 37] . [See Fig. 1 .] Interference is a property associated with waves, whereas localized detections are indicative of a particle-like nature. Different instructors will teach different interpretations of this result, depending on their personal and pedagogical preferences.
Realist/Statistical (R/S): Instructor A told students that each electron must pass through one slit or the other, but that it is impossible to determine which one FIG. 1. Buildup of an electron interference pattern. Single electrons are initially detected at seemingly random places, yet an interference pattern is still observed after detecting many electrons. [36] without destroying the interference pattern. Beyond this specific context, he also explained that atomic electrons always exist as localized particles, and that quantized energy levels represent the average behavior of electrons, because they are found to have a continuous range of energies when the time scale of the measurement is short. During class, Instructor A referred to this as his own interpretation of quantum phenomena, one that other physicists might disagree with, and there was no discussion of alternatives to the perspective he was promoting.
Matter-Wave (MW): Instructor B described single electrons as delocalized waves, which pass through both slits simultaneously and interfere with themselves; upon detection, each matter wave randomly collapses to a single point in space. He did not frame this discussion in terms of scientific modeling or interpretation, but rather presented students with (what he considered to be) sufficient experimental evidence in support of this view, as he explained in an informal post-instruction interview:
"This image that [students] have of this [probability] cloud where the electron is localized, it doesn't work in the double-slit experiment. You wouldn't get diffraction. If you don't take into account both slits and the electron as a delocalized particle, then you will not come up with the right observation, and I think that's what counts. The theory should describe the observation appropriately."
Instructor B devoted an amount of time to interpretive themes at the beginning and very end of the quantum physics section of his course, but much less so in between (e.g., when teaching the Schrödinger atomic model), with the presumption that students might generalize these ideas to other contexts on their own.
Copenhagen/Agnostic (C/A): Instructor C stated that a quantum mechanical wave of probability passes through both slits, but that "which-path" questions were ill-posed at best. The instructional emphasis for this topic was on calculating features of the interference pattern (determining the locations of maxima and minima), rather than physically interpreting the results. This mostly pragmatic approach to instruction is also exemplified by a quote from a different instructor (in a class for physics majors), who was asked during lecture whether particles have a definite but unknown position, or have no definite position until measured: "Newton's Laws presume that particles have a well-defined position and momentum at all times. Einstein said we can't know the position. Bohr said, philosophically, it has no position. Most physicists today say: We don't go there. I don't care as long as I can calculate what I need."
For the sake of clarity, the term Realist/Statistical is being used here to denote a perspective wherein quanta exist as localized particles at all times, and the quantum state only encodes probabilities for the outcomes of measurements performed on an ensemble of identically prepared systems (as advocated by Ballentine [38, 39] , who ascribes departures from classical physics to the existence of a quantum of action). This is somewhat different from the ensemble (purely statistical) interpretation described by Müller and Weisner [12] , who emphasized in their course that "...classically well-defined dynamic properties such as position, momentum or energy cannot always be attributed to quantum objects."
The Matter-Wave interpretation is also realist, in that the wave function is being treated as though it were (for all intents and purposes) physically real, but it would be nonsensical to associate a single position with a delocalized wave. Copenhagen is the only non-realist interpretation discussed here: the quantum state represents information only, without reference to an underlying reality. The terms Copenhagen and Agnostic are being used jointly to indicate an instructional approach that de-emphasizes the interpretative aspects of quantum theory in favor of its predictive power [40] ; this should not to be confused with rigorously teaching the Copenhagen Interpretation (à la Bohr) to introductory students.
The purpose of this paper is not to debate the relative merits of these interpretations, but rather to explore the pedagogical implications of their use in the classroom. Some key points to keep in mind are that the Realist/Statistical approach treats quantum uncertainty as being due to classical ignorance, and is aligned with students' intuitions from everyday experience and prior instruction. From a Matter-Wave perspective, quantum uncertainty is a fundamental consequence of a stochastic reduction of the state upon interaction with a measurement device. A Copenhagen/Agnostic instructor may regard quantum uncertainty as being fundamental, but generally considers such issues to be mostly metaphysical in nature.
B. Data Collection and Results
At the beginning and end of most of the physics and engineering courses offered at CU from 2008 − 2010, students were asked to respond in an online survey to several statements using a 5-point Likert scale (from strong agreement to strong disagreement), and to provide the reasoning behind their responses. Students were typically offered nominal extra credit for completing the survey, or it was assigned in a homework set with the caveat that full credit would be given for providing thoughtful answers, regardless of the actual content of their responses. Some of the modern physics instructors were reluctant to provide academic credit for completing the survey, and response rates from those few courses were too low to be of use. The beginning of the survey emphasized that we were asking students to express their own beliefs, and that their specific answers would not affect any evaluation of them as students.
Some of the survey statements have evolved over time, primarily in the early stages of our research; modifications were usually motivated by a fair number of students providing reasoning that indicated they were not interpreting the statements as intended. We conducted validation interviews with 19 students in 2009 [24] , after which the phrasing has remained essentially unchanged. The student data presented in this paper were all collected from modern physics courses for engineers after the validation interviews took place. The agree and strongly agree responses have been collapsed into a single category (agreement), and similarly for disagree and strongly disagree.
At the end of the same online survey, students were asked to provide a short essay response to a question about the double-slit experiment [21, 24] ; aggregate responses have been similar for courses within the same category (R/S, MW or C/A), and were generally aligned with each type of instruction. Focusing on just the three courses described above (Fig. 2) , Instructor A's students were as likely to express a preference for the R/S statement (each electron passes through one slit or the other) as they were to prefer the C/A stance (quantum mechanics is about predicting measurement outcomes, not speculating on what happens between emission and detection); they were also the least likely group to prefer the MW description (each electron passes through both slits and interferes with itself). The majority of students from Instructor B's course aligned themselves with the MW perspective on this experiment, whereas Instructor C's students were (within statistical error) evenly split among the three.
These results stand in contrast to responses from the same students to the statement: When not being observed, an electron in an atom still exists at a definite (but unknown) position at each moment in time. Most students from Instructor A's course expressed agreement with this statement, which would be consistent with his explicit instruction; however, agreement was also the most common response in both of the two other courses.
[See Fig. 3 .] As will be seen below, Instructor A's approach served to reinforce his students' pre-instruction attitudes. Instructor B's lack of attention to student interpretations when teaching the hydrogen atom contributed to only a moderate shift from pre-to postinstruction. We were unable to collect pre-instruction data from this specific C/A course, but the same statement would be true for Instructor C if we assume the preinstruction responses would have been similar to those from other courses for which pre-instruction data exist.
Regardless of how instructors might feel about students' conceptions of atomic electrons, we believe most instructors would want their students to disagree with the following: The probabilistic nature of quantum mechanics is mostly due to the limitations of our measurement instruments. The distribution of post-instruction responses for these three courses is reminiscent of that for the double-slit essay question: students from Instructor A's course tended to agree, most of Instructor B's students prefered to disagree, and Instructor C's students were split between agreement, disagreement and neutral.
[ Fig. 4 .] The outcomes for the three courses were generally consistent with what could be expected for each type of instruction.
In addition to learning course content, the promotion of student interest in quantum physics is also a common goal of instruction. We measured this via responses to the statement: I think quantum mechanics is an interesting subject. [See Fig. 5 .] There is some variance, but the differences between these courses at post-instruction are not statistically significant (χ 2 (4) = 3.05, p = 0.55). We note, however, that in each case at least a quarter of the students chose not to agree that quantum mechanics is interesting to them after a semester of instruction. These results demonstrate that different instructional approaches to interpretation can have different, measurable impacts on student thinking, but primarily in contexts where instruction is explicit. This conclusion is further supported by our validation interviews, which indicated that students frequently modify their conceptions of quanta in a piecewise manner, both within and across contexts, often without looking for or requiring internal consistency. Even when their instructors de-emphasized interpretation (explicitly or otherwise), students still developed a variety of ideas about quantum phenomena, some of which were highly nuanced, and others that emerged spontaneously as a form of sense making [24, 26] . Such insights motivated us to develop instructional interventions designed to positively influence student perspectives, and strengthen their abilities to make interpretations of physical phenomena, as well as understand the limitations of those interpretations.
III. CURRICULUM DEVELOPMENT AND OUTCOMES
Informed by the results of our research, we introduced further changes to the modern physics course for engineers. This new curriculum had multiple aims, among them: (i) make the physical interpretation of quantum physics a course topic unto itself, and consistently attend to student interpretations throughout the course; (ii) help students acquire the language and resources to identify and articulate their own (often unconscious) beliefs about reality and the nature of science; and (iii) provide experimental evidence that directly confronts their intuitive expectations.. Though we decided to promote a Matter-Wave perspective in this class, our ultimate goal was for students to be able to distinguish between competing points of view, to recognize the advantages and limitations of each, and to apply this knowledge in novel situations. In short, instead of trying to tell students what they should and shouldn't believe about quantum physics, we provided them with logical arguments and experimental evidence, then let them decide for themselves..
A. Course Overview
As with the other modern physics courses for engineering majors described above, ours spanned a 15-week semester, and consisted of large lectures meeting three times per week. There were twice-weekly problemsolving sessions staffed by the authors (acting as coinstructors) and two undergraduate Learning Assistants [41] , who also helped facilitate student discussion during clicker questions. A total of 13 weekly homework assignments consisted of online submissions and written, long-answer questions; there was a broad mixture of conceptual and calculation problems, both requiring shortessay, multiple-choice, and numerical answers. We gave three midterm exams outside of class, and there was a cumulative final. At the end of the semester, in lieu of a long-answer section on the final exam, students wrote a 2-3 page (minimum) essay on a topic of their choice, or a personal reflection on their experience of learning about quantum mechanics in our class (an option chosen by ∼40% of students).
Following the lead of the original course transformations in 2005, we omitted special relativity to win time for the new material, which was mostly placed in the middle of the course. The progression of topics can be broken into three main parts: (I) classical and semi-classical physics; (II) the development of quantum theory; and (III) its application to physical systems. We augmented a number of standard topics (e.g., the uncertainty principle, atomic models) with interpretive discussions that had been missing in prior courses, and introduced several new topics (e.g., entanglement, single-photon experiments) that created additional opportunities for students to explore the differences between theory, experimental data, and the physical interpretation of both. A detailed explication of this new curriculum and associated course materials [14, 42] is beyond the scope of this article, but a summary overview of the topic coverage can be found in Table I .
The new material in Lectures 15-25 was drawn from a variety of sources, such as monographs [43] [44] [45] , textbooks [46, 47] , journal articles [36, 37] and popular science writing [48, 49] . There were no textbooks covering all of the relevant material, so we used a combination of Vols. 3 & 5 of Knight [50] , supplemented by other level-appropriate readings. An online discussion board was created so that students could anonymously post questions about these readings and provide answers to each other; following along with these discussions granted us ample opportunity to gauge how students were responding to many of the new ideas that were being introduced.
One guiding principle was to present (as much as possible) experimental evidence that either supported or refuted different interpretations of quantum theory. The discussions of single-photon experiments were made accessible to introductory students by omitting some of the technical details, while still focusing on the design of the apparatus used by Aspect, et al. [45, 51] , the general principles behind the photon source, and the actual data presented in their publications. These lectures were interspersed with clicker questions that prompted students to debate the implications of each experiment, and which provided an opportunity for them to distinguish between a collection of data points and an interpretation of what they signify.
It is important to note that these interpretive clicker questions generally did not have a single "correct" answer, such as the example shown in Fig. 6 (which does contain at least one incorrect response). Rather than testing for understanding, this question was used to promote in-class discussion, and to elicit some of the ways students might interpret a mathematical representation of the photon's quantum state after encountering a beam splitter. As instructors, we advocated for option (B) in this question as a consistent way to view the action of the first beam splitter regardless of whether the second beam splitter is present; but we did not tell students who disagreed that their preferred perspective was necessarily incorrect. Note also that we chose to represent the state of the photon after the beam splitter as a superposition of reflected and transmitted states, rather than the more complicated but technically correct description as being entangled with the vacuum [52] .
B. Comparative Outcomes
This new curriculum has thus far been implemented twice at CU (denoted as INT-1 & INT-2 below) with similar results, presented below in terms of pre-and postinstruction responses to the same three statements discussed in the previous section, from students in the R/S, MW, INT-1 and INT-2 courses. We remind the reader that pre-instruction data was not collected from this particular C/A course; although such data from other C/A courses exist, they were all for physics majors, or took place at a time when the survey questions were suffi- ciently different to make direct comparisons questionable. In every case, results from the pre-instruction survey were not discussed with students, who were also not told they would be responding to the same survey questions at the end the course. These pre/post-data sets only represent students for which we were able to match preand post-instruction responses, and not the full set of responses at the start and end of the semester. Table  II shows the total number of students enrolled in each course at the beginning of the semester, the number of pre-and post-instruction survey response, and the number for which the pre/post responses could be matched. For every course, and for each statement, the distributions for matched responses are statistically indistinguishable from the full pre-and post-data sets In addition to pre/post comparisons, we would also like to expose some of the dynamics in how student responses changed from the beginning to the end of the semester. The visualizations shown in Figures 7 to 9 of these pre/post shifts (inspired by the discussion in Ref. [53] ) reveal details that would have been lost if only the initial and final percentages were displayed. For example, 12% of students in the R/S course disagreed with the statement about atomic electrons at pre-instruction, and 12% also at post-instruction, but these numbers do not represent the same groups of students. For each of the four courses, the circles on the left side show the percentage of students who either agreed, disagreed or felt neutral about the given statement at the beginning of the semester, while the circles on the right show the same at post-instruction. The area of each circle is proportional to the percentage of the total matched responses for that course. In the space between these two sets of circles, the three numbers associated with each circle on the left represent the percentage of pre-instruction students in that group who shifted to each of the three post-instruction responses, and the thickness of each arrow is proportional to the percentage of students involved in that shift (relative to the total number of matched students for that course). The three numbers associated with each circle on the right represent the percentage of students in that post-instruction group who came over from each of the pre-instruction groups.
As a concrete example, for the Realist/Statistical course shown in Fig. 7 (Course A, upper-left corner) , at the beginning of the semester 61% of matched respondents agreed with the statement about atomic electrons, 27% responded neutrally and 12% disagreed. Of the group that had disagreed with the statement at pre-instruction, a third of them still disagreed at postinstruction, one third switched from disagreement to agreement, and the remaining third responded neutrally at the end of the semester. Of the students who disagreed at post-instruction (also 12% of the matched responses), 33% had disagreed at the beginning of the semester, 50% had originally responded neutrally and 17% had switched from agreement to disagreement. Before examining Fig. 7 more closely, we first note that for all four courses the pre-instruction responses to the atomic electrons statement are roughly equivalent; the differences between the four are not statistically significant at the p < 0.05 level by a χ 2 test (p = 0.07). [Comparing only courses B, INT-1 & 2, the similarity in pre-instruction responses is greater (p = 0.20).] As alluded to earlier, almost every student in Course A who had agreed at the start of the semester still agreed at the end, the majority of those who had been neutral switched to agreement, as well as a third of those who had initially disagreed. Instructor A's teaching led to some fluctuations in the responses, but the movement was predominantly towards the upper right (agreement). For Course B, two thirds of the students who had agreed at pre-instruction also agreed at post-instruction, though a greater percentage of that group shifted towards disagreement than for Course A. For the INT-1 & 2 courses, the dominant tendency was a shift toward the lower right (disagreement). Note also that, although the percentage of neutral responses for INT-1 increased over the semester, most of those neutral post-instruction responses were from students who had initially agreed with the statement, and most of those who had at first responded neutrally switched over to disagreement. Fig. 8 shows pre/post responses and shifts for the statement about the probabilistic nature of quantum mechanics; again, the pre-instruction differences are not statistically significant (p = 0.54). The post-instruction distributions for all four courses are significantly different (p = 0.001), but the differences between courses B, INT-1 & 2 are not (p = 0.24). As with the atomic electrons statement, the greatest tendency for Course A was a shift towards the upper right (agreement); also, most of those who felt neutral at the end of the semester had switched from other categories, and most who were initially neutral changed to agreement. On the other hand, a shift towards post-instruction disagreement is predominant for the other three.
Pre-instruction responses for the four courses regarding student interest are not significantly different (p = 0.06), but the post-instruction distributions are (p < 0.00001).
[See Fig. 9 .] Student interest in quantum mechanics decreased for Course A, and though the percentage expressing interest did increase in Course B, both courses are (MW)  31  39  35  41  INT-1  32  53  20  78  INT-2  16  70  7  86   TABLE III . Percentage of matched students from each course who either agreed or strongly agreed with the statement: I think quantum mechanics is an interesting subject, at both pre-and post-instruction similar in terms of the amount of "cross-hatching" visible in the diagram. Remarkably, virtually every INT-1 student agreed at the end of the semester that quantum mechanics is interesting, and only one student switched from agreement to neutral. For the INT-2 course, not a single student reported a decrease in their interest in quantum mechanics, and every student who initially agreed continued to do so at the end of the semester.
Although the post-instruction interest in quantum mechanics for INT-1 & 2 is significantly greater than for Course B, the differential impact of these two types of instruction is less obvious because pre-instruction interest was lower for Course B, and after all, student interest did increase in that course. The difference is more apparent if we unpack the agreement category into agreement and strong agreement. Table III shows for each course the percentage of all matched students who either agreed or strongly agreed at pre-and post-instruction. For the MW course, those numbers remained essentially the same, whereas students in the INT-1 & 2 courses became more emphatic in their agreement that quantum mechanics is an interesting subject. We conclude that this new curriculum was not only successful in maintaining student interest, but in promoting it as well.
IV. SUMMARY AND DISCUSSION
We have frequently heard that a primary goal when introducing students to quantum mechanics is for them to recognize a fundamental difference between classical and quantum uncertainty. The notorious difficulty of accomplishing this has led many instructors to view this learning goal as superficially possible, but largely unachievable in a meaningful way for most students [54] . We believe our studies demonstrate otherwise. By making questions of classical and quantum reality a central theme of our course, and also by making their own beliefs (and not just those of scientists) a topic of discussion, we were able to positively influence student thinking across a variety of measures.
Although we have presented data from several particular courses, the results reported here for the R/S, MW & C/A courses are typical of other, similar courses that have been discussed elsewhere [21, 22] . The outcomes for Instructor A's course were generally aligned with his instructional approach: electrons are localized entities, and quantum uncertainty is not much different from classical ignorance. This further supports the conclusion that explicit instruction can impact student thinking. However, we believe that most instructors would not choose to promote this particular perspective in their own classes; we note also that this course had a negative impact on student interest in quantum mechanics.
We characterized Instructor B's course as having taught a particular interpretation of the double-slit experiment (though not explicitly as an interpretation), while de-emphasizing interpretive themes in the latter stages of the semester. This is also reflected in the outcomes for his course, in that students were likely to have adopted a Matter-Wave perspective in a context where the instruction had been explicit, but much less likely in another context where it was not. The MW approach did result in significant shifts in student perspectives on the nature of quantum uncertainty, which were on par with the INT-1 & 2 courses, but was less successful in promoting and maintaining student interest.
With regard to the double-slit experiment and the probabilistic nature of quantum mechanics, Instructor C's approach resulted in the greatest mixture of responses, evenly distributed across the three perspectives. If we assume the pre-instruction responses would have been similar to those for other engineering courses, then the C/A approach had little impact on students' ideas about atomic electrons, and also resulted in decreased interest in quantum mechanics.
Even though Instructor B's take on interpretation differed in obvious ways from Instructor C's, it turns out that pragmatism was also a motivating factor in his instructional choices. Because de-emphasizing the physical interpretation of quantum mechanics is so common, it is worthwhile to consider some of the reasons for this in greater detail, as explained by Instructor B in an interview at the end of the semester: "This [probabilistic] aspect of quantum mechanics I feel is very important, but I don't expect undergraduate students to grasp it after two months. So that's why I can understand why [the survey statement about atomic electrons] was not answered to my satisfaction, but that was not my primary goal of this course, not at this level. We don't spend much time on this introduction to quantum mechanics, and there are many aspects of it that are significant enough at this level. It is really great for students to understand how solids work, how does conductivity work, how does a semiconductor work, and these things you can understand after this class. If all of the students would understand how a semiconductor works, that would be a great outcome. I feel that probably at this level, especially with many non-physics majors, I think that's more important at this point.
But still, they have to understand the probabilistic nature of quantum mechanics, and I hope, for instance, that this is done with the hydrogen atom orbitals -not that everyone would understand that, but if the majority gets it that would be nice. These are very hard concepts. At this level, I feel it should still have enough connections to what they already understand, and what they want to know. They want to know how a semiconductor works, probably much more than where is an electron in a hydrogen atom.
I don't think the [engineering] students will be more successful in their scientific endeavors, whether it's a personal interest or career, by giving them lots and lots of information about how to think of the wave function. The really important concept I feel is to see that there is some sort of uncertainty involved, which is new, which is different from classical mechanics. [...] At the undergraduate level, I feel it is important to make the students curious to learn more about it, and so even if they don't understand everything from this course, if they are curious about it, that's more important than to know where the electron really is, I think."
To summarize, Instructor B felt that understanding the nature of uncertainty in quantum mechanics is an important learning goal, but one that will likely not be achieved for many students at this level. He assumed engineering students would be more interested in the practical aspects of quantum physics. He said he would have liked for his students to disagree with the idea of localized atomic electrons, and yet ∼75% of them chose to not disagree at the end of the semester.
If the aim of instruction is not necessarily a complete understanding of concepts, but for students to at least come away with a continued interest in quantum physics, then we would claim the INT-1 & 2 courses were more successful in this regard. We should also not presume to know exactly where the interests of our students lie; the results from our implementations suggest that students are in fact just as interested (if not more so) in questions about the nature of reality as they are in learning about semiconductors. And finally, we didn't just give our students "lots and lots of information" on how to think about the wave function; they also learned about molecular bonding, conduction banding, semiconductors, transistors and diodes; as well as lasers and scanning tunneling microscopes; not to mention applications of entanglement to quantum cryptography and computing.
It would be too simplistic to say that our aim was for students to consistently disagree with any classical interpretation of quantum phenomena. After all, according to the Copenhagen interpretation [55] , the dual use of (clas-sically) distinct concepts like particle and wave is just a way of understanding the behavior of quantum systems in terms of more familiar macroscopic concepts, so we would not connote too much negativity with students relying on their intuition as a form of sense making. Indeed, our approach to teaching quantum interpretations frequently involved an appeal to students' intuition about the classical behavior of particles (they are transmitted or reflected; they are localized upon detection), and similarly with waves. Everyday thinking can be misleading in quantum physics, but that is not a sufficient argument for the wholesale abandonment of productive epistemological tools. A larger goal for us was for students to achieve more internal consistency in their thinking, and to develop tools that would help them decide which type of behavior should be expected in a given situation.
Just as important is the recognition that most modern physics curricula ignore the fact that a "second quantum revolution" has taken place in the last decades, due to the realization of single-quanta experiments, and a corresponding appreciation of the significance of entanglement [56] . Ideas that were once relegated to the realm of metaphysics are now driving exciting areas of contemporary research, and it is possible to make these developments accessible to introductory quantum physics students.
